Urea movement across erythrocyte membrane during artificial kidney treatment  by Cheung, Alfred K. et al.
Kidney International, Vol. 23 (/983), pp. 866—869
Urea movement across erythrocyte membrane during artificial
kidney treatment
ALFRED K. CHEUNG, MICHAEL F. ALFORD, MARCELLA M. WILsoN, JOHN K. LEYPOLDT,
and LEE W. HENDERSON
Veterans Administration Medical Center, San Diego, California
Urea movement across erythrocyte membrane during artificial kidney
treatment. Previous work by other investigators indicates that erythro-
cyte urea and creatinine in uremic whole blood leaving the hemodia-
lyzer do not move down the concentration gradients established by loss
of these solutes across the dialyzer membrane. This puzzling disequilib-
rium is at odds with work indicating ready movement of both solutes
across the erythrocyte membrane of nonuremic erythrocytes studied in
vitro. The present study shows that contact with the dialyzer does not
noticeably alter the erythrocyte membrane of the uremic patient, so that
urea distribution between plasma and erythrocyte water is the same as
that in the blood of normal control subjects. Furthermore, urea does not
show a disequilibrium in concentration across the erythrocyte mem-
brane in response to 50% dilution with a modified Ringer's solution but
rather equilibrates swiftly and completely.
Mouvement de l'urée a travers Ia membrane érythrocytaire pendant le
traitement par le rein artificiel. II e été montré antérieurement par
d'autres investigateurs que l'urée et Ia créatinine erythrocytaires dans
Ic sang total de l'urémique quittant le dialyseur ne suivent pas les
gradients de concentration établis par Ia perte de ces solutés Ic long de
Ia membrane du dialyseur. Ce deséquilibre intriguant est en contradic-
tion avec un travail indiquant un mouvement rapide de ces deux solutés
a travers Ia membrane de l'érythrocyte non-urémique étudié in vitro.
Cette étude indique que Ic contact avec Ic dialyseur n'altère pas
notablement la membrane érythrocytaire du malade urémique, de sorte
que Ia distribution de l'urée entre le plasma et l'eau érythrocytaire est Ia
méme que dans Ic sang de sujets contrOles normaux. En outre, l'urée
n'a pas de désequilibre de concentration a travers La membrane
érythrocytaire après dilution a 50% avec une solution de Ringer
modiflée mais au contraire s'equilibre rapidement et completement.
Several investigators have noted previously that urea and
creatinine present in the erythrocyte water are not in diffusion
equilibrium with the plasma water in the efferent line from the
artificial kidney membrane [1, 2]. Diffusion of urea from plasma
water into dialysis fluid across the membrane during hemodialy-
sis creates a concentration gradient from erythrocyte to plasma
water. In one study [2] this gradient persisted in venous blood
sampled and left quiescent in the Laboratory for up to 18 hr. This
observation implies that urea and creatinine present in the
erythrocyte water may not be available for diffusive Loss during
their passage through the artificial kidney. The present study
was undertaken to determine whether or not this puzzling lack
of diffusion equilibrium for urea could be confirmed.
Methods
Experimental design. Informed consent was obtained from
seven stable patients undergoing maintenance hemodialysis and
three undergoing hemofiltration. Cuprophane hollow fiber
membranes (Travenol CF12-ll, Morton Grove, Illinois) were
used in five patients and polyacrylonitrile sheet membranes
(Rhone Poulenc RP6) in conjunction with a Cotral fluid balanc-
ing unit were used in two patients on hemodialysis. Blood flow
rate was maintained at 216 4 mI/mm, and dialysate was
maintained at 96 to 99°F. Each of the seven patients was studied
once. During each hemodialysis, blood samples were obtained
through the venous dialysis tubing predialysis, both arterial
(inflow) and venous dialysis tubing at 15 and 240 mm. Blood
was collected in heparinized tubes and processed immediately
in the laboratory. Single venous blood samples from ten normal
subjects served as the control subjects.
Fifteen studies were done on three patients undergoing
maintenance hemofiltration using a modified Ringer's solution
as diluting fluid as previously described [3]. Twenty minutes
prior to sampling 50 cc of 10% inulin was given intravenously
(venous return line). With reference to Figure 1, blood was
drawn from S1 and S2 sampling ports that are sufficiently distal
to permit a full mixing of diluting fluid with whole blood.
Additional samples were taken at the venous return line of the
0.5 M2 XP-50 Amicon ultrafilter (S,) and ultrafiltrate was
sampled at S4. Blood flow rate range was 200 50 mI/mm, and
the flow rate of diluting fluid was matched to that of whole
blood. Measurements of flows were taken from calibrated
tubing pumps (±6%) during the course of treatment. For the
purpose of this study, the accuracy of the ratio of flows during
hemofiltration is important for the calculation of plasma mass.
Hence, plasma dilution was computed as follows:
HI,1 l—Hct2
— x = Dilution ratio for plasma = & (1)
no2 1 — net1
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Both hematocrit (Hct) and hemoglobin (Hb) at the respective
sampling ports (1) and (2) were used to compute the dilution
ratio to offset any osmotic changes of size in the erythrocyte
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Fig. 1. Flow path and sampling ports for the hemofiltration study.
that might have introduced systematic error into the
computation.
Sample processing. Each sample obtained during hemodialy-
sis and from the normal control subjects was processed in the
following manner: Hematocrit was determined by centrifuga-
tion in a capillary tube. One and a half microcuries of tritiated
methoxy-inulin (New England Nuclear Corp., Massachusetts)
and 0.3 p.Ci of '4C urea (Amersham, Arlington Heights, Illinois)
were added to 3 ml of whole blood immediately after it was
drawn. The sample was gently mixed for 15 sec. One aliquot of
this sample was stored at room temperature for 5 to 18 hr before
further processing as described below. Another aliquot was
immediately distributed into a whole blood fraction, in addition
to packed erythrocyte and plasma fractions separated by cen-
trifugation. The whole blood fraction was freeze-lyzed at
—70°C. Twenty-microliter aliquots of plasma, packed erythro-
cyte, and freeze-lyzed whole blood fractions were pipetted into
separate scintillation vials, each in triplicate. All samples were
bleached and digested with scintillation fluid (Cytoscint, West-
Chem Products, California), 30% hydrogen peroxide, and NCS
tissue solubilizer (Amersham). After incubation for 1 hr at 60°C,
the '4C urea and tritiated inulin in solution were counted on a
scintillation counter (Searle Mark III, Searle Analytical, Chica-
go, Illinois). To further minimize the effect of quenching, the
scintillation counts were adjusted according to quench calibra-
tion curves constructed using known amounts of '4C urea and
tritiated inulin in whole blood bleached and digested in the
manner described above.
Blood and ultrafiltrate sampled during hemofiltration were
assayed for urea nitrogen, protein, and inulin concentration
using previously reported methods [4—7j.
Calculations. In the hemodialysis experiments, tritiated mu-
lin, an extracellular solute, was added to the whole blood
samples prior to separation, to correct for any "contamination"
of the packed erythrocyte fraction by plasma. The fractional
entrained volume of plasma in the packed erythrocyte fraction
is given by
CEv=— (2)
Cp
where CE = measured 3H inulin concentration in packed
erythrocyte fraction and Cp = measured 3H inulin concentra-
tion in plasma fraction.
The actual urea concentration in the packed erythrocytes,
after correcting for the entrained urea is given by
CEL — vCpU
1—v (3)
where Cs,, = measured 4C urea concentration in packed
erythrocyte fraction and Cp, = measured '4C urea concentra-
tion in plasma fraction. Mass balance error was calculated as
(Mp + MEL,) — M,
x 200% (4)(Mp + ME) + MB
where Mp = C1, x (1 — hematocrit); Mu = C, >< hematocrit;
MB = measured '4C urea concentration in freeze-lyzed whole
blood fraction.
For the hemofiltration experiments solute mass present in the
plasma was computed at S and S2 (Fig. 1). If no mass transfer
occurs across the erythrocyte membrane, then
Q C = Q, C, (5)
where Qp, = flow rate of plasma at S1 calculated from the
hematocrit and measured blood flow rate. Qp, = flow rate of
diluted plasma at S2 = bQp [ as defined in equation (1)]; C =
plasma solute concentration at the subscripted point.
Plasma mass balance error (PMBE) is defined for the hemofil-
tration experiments as follows:
(6)
This definition is used for the purpose of identifying the change
in mass in the plasma compartment alone, that may occur as a
result of exchange between compartments. With dilution, if
urea leaves the erythrocyte to enter the plasma, predilution
plasma mass will be less than that after dilution and a negative
plasma mass balance error will be recorded.
Sieving coefficients were computed as:
s 2C4 7()
where C4 = concentration of solute in the plasma ultrafiltrate at
the subscripted sampling port, and C is the concentration of
solute in plasma water at the subscripted sampling ports com-
puted from the plasma solute and protein concentration as
previously reported [41.
Differences of data were evaluated by Student's t test; P
values < 0.05 were considered significant.
Results
Hemodialysis study. The blood samples that were allowed to
"equilibrate" by incubation for 5 to 18 hr showed the same
results as samples which were not incubated. Therefore only
data of the latter will be presented. As seen from Table 1, the
value C'EU/Cp of different time points on hemodialysis are not
statistically different from normal control subjects. The plasma
to whole blood urea ratios (Cpu/Cu) are also similar among the
different groups, although the predialysis, 15-mm venous and
240-mm arterial values are statistically significantly lower (0.01
<P < 0.05) than normal values. Average mass balance error for
all hemodialysis studies calculated as described in equation (4)
was 0.01 0.68%.
Hemofiltration study. Mean hematocrit and hemoglobin at
S, in the hemofiltration studies are 0.25 0.01 and 0.24 0.01,
respectively (hemoglobin expressed in spectrophotometric
units of absorption). The corresponding values at S2 are 0.15
0.01 and 0.15 0.01. The average plasma dilution ratio (E) is
1.93 0.05. The mean sieving coefficient for urea of 1.00 0.01
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Table l.a
Corrected
erythrocyte Plasma to Mass
to plasma whole blood balance
urea ratio urea ratio error
C'E1CpU C,/C %
Predialysis venous 0.80 0.04 1.08' 0.03 0.28 0.95
15-mm Arterial 0.75 0.03 1.10 0.03 —0.70 2.52
15-mm Venous 0.78 0.02 I.08' 0.02 —0.73 1.01
240-mm Arterial 0.77 0.03 1.O9' 0.02 —0.82 0.69
240-mm Venous 0.74 0.02 1.13 0.03 0.87 2.04
Normal control
subjects 0.76 0.01 1.14 0.01 0.76 0.95
aValues represent corrected erythrocyte to plasma urea ratio (C'E/
Cpu), plasma to whole blood urea ratio CIC and mass balance error(%) from different sites and time points during hemodialysis (N = 7) and
in normal control subjects (N = 10) SEM.
bThe values are statistically different from normal control subjects
(0.01 <F <0.05).
is not statistically distinguishable from unity. The mean sieving
coefficient for inulin of 0.41 0.03 is similar to previous values
reported for this membrane in vitro [81. Figure 2 plots (in bar
graph format) the plasma mass balance errors (mean SEM) as
defined in equation (6) for inulin (—3.73 4.63), protein (3.62
3.51), and urea (—12.73 2,85) across the dilution point. The
value for urea shows a highly significant difference (P < 0.001)
from zero. The negative plasma mass balance error for urea
suggests the movement of urea out of the erythrocyte in
response to the dilutional gradient during hemofiltration. All the
individual data points for urea plasma mass balance were
negative in contrast to those for the extracellular solutes, inulin
and protein, which fell about evenly on the negative and
positive side of zero.
Discussion
Since urea is probably transported across human erythrocyte
membrane by facilitated diffusion [9], equilibration between the
erythrocyte and plasma compartments usually occurs rapidly.
However at least three factors potentially affect the equality of
urea concentration between these two compartments: First, the
water fraction in the erythrocyte has been reported to range
from 0.66 to 0.72 [10—12] and to be lower than that in plasma,
0.90100.94 [11, 12]. Therefore, the total urea concentration in
the erythrocyte would be lower than that of plasma, if urea
equilibrates completely between the water fraction of these two
compartments; second, some investigators have suggested that
urea binds to hemoglobin [13, 14]; third, 20% of water in the
erythrocyte may be bound to hemoglobin and is therefore
unavailable for participation in osmotic shifts [10]. Colton et al
[15] summarized the overall ratios of urea concentration in
erythrocyte and that of plasma reported by different investiga-
tors and found the range to be 0.761 to 0.960 with an average of
0.859 0.070.
Data on uremic patients is very limited. Katz and Hull [16]
measured plasma levels of urea and creatinine in blood obtained
from the dialyzer outflow at 2 mm and 1 to 3 hr after the blood
sampling. Plasma creatinine rose 0.8 0.06 mg% after ito 3 hr,
but plasma urea remained unchanged. It was therefore postulat-
ed that there was disequilibrium between red blood cells and
Fig. 2. The percentage plasma mass balance error (PMBE) SEM for
urea, protein, and inulin during the hemofiltration study. See equation
(6) in Methods for calculations. The consistently and significantly
negative PMBE for urea indicates mass transfer into the plasma
compartment in response to dilution.
plasma for creatinine, but not urea, in dialyzer outflow blood. A
figure for the ratio of urea distribution was not given.
Nolph, Bass, and Maker [2] found different results. They
found the ratios of plasma to whole blood urea concentration to
be near unity at the dialyzer inflow. However, the ratios in the
outflow blood were significantly below that in the inflow blood.
Furthermore, there was a significant negative correlation be-
tween the outflow ratios and hematocrit, with a ratio below 0.4
for a hematocrit of 40%. This suggested disequilibrium of urea
distribution between erythrocyte and plasma induced by the
dialyzer. This disequilibrium persisted after 18 hr of incubation
in vitro. Grossman, Kopp, and Frey [1] found such disequilibri-
um for urea and ascribed this condition to its binding to cell
membrane.
In our studies of the hemodialysis patients and normal control
subjects, urea is measured by radiolabelling and is more accu-
rate than measurement by enzymatic methods. Our low mass
balance errors depicted in Table I support this contention.
The erythrocyte urea to plasma urea ratio (C'EICp) of our
normal control is 0.76 0.01. This value is very similar to the
water phase equilibrium distribution coefficient (0.77) reported
in the literature using the values of 0.717 and 0.93 for the
fractional volume of water in erythrocyte and plasma, respec-
tively [15]. The mean C'E/Cp ratio of the uremic patients in
Table 1 is 0.77, a value very similar to that of the normal control
subjects. Thus, if urea is assumed to be in "equilibrium"
between erythrocyte and plasma in the blood of normal sub-
jects, the assumption also holds true for the blood obtained
from uremic patients before and during hemodialysis.
The hemodialysis study, however, does not show how rapid-
ly this equilibration occurs in vivo. The hemofiltration study
lends insight into this question. In the hemofiltration experi-
ments, the consistency of the negative plasma mass balance of
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urea would point either to the movement of urea from erythro-
cyte to plasma water in response to dilution on line or systemat-
ic errors. One possible systematic error is the failure of com-
plete mixing of whole blood and diluting fluid with a selective
sampling in all 15 experiments of predominantly undiluted
blood. This is unlikely because such an error should also be
reflected in the results for the extracellular solutes, inulin and
protein.
Another possible systematic error is the movement of urea
out of erythrocytes not on line but later during the sample
processing in the laboratory. Urea is a small molecule of 60
daltons that is not protein-bound and does not carry a net
charge. As such, little or no restraint by the XP-50 Amicon
membrane for this solute should occur, that is, the sieving
coefficient should be 1.00. Previous studies using plasma [8] and
the present in vivo study confirm this to be the case, indicating
that the concentration of urea in the ultrafiltrate (S4) should be
identical with both the concentration of urea in the diluted
plasma water entering the ultrafilter (S2) and that leaving the
ultrafilter (S3). If equilibration across the erythrocyte mem-
brane did not occur at the time the blood entered the hemofilter,
but occurred on the bench, then the measured plasma water
concentration of urea obtained from both S2 and S3 would be
artifactually high and would result in a sieving coefficient for
urea of less than unity.
The data indicate that urea does, in fact, leave the erythro-
cyte in response to the concentration gradient established by
dilution. The theoretical maximum plasma mass balance error
was calculated assuming full equilibration between the plasma
and erythrocyte water after dilution. This value, 10.2% is
sufficiently close to the measured value (12.73 2.85%) to
suggest full equilibration.
Lastly, the maximum time necessary for this equilibrium can
be obtained by dividing the mixing segment volume of 35 ml
(Fig. 1) by the average flow rate of diluted blood of 400 mI/mm.
Although urea fluxes were not directly measured in this study,
it is apparent that the equilibrium observed occurred in 5.25 sec
or less.
In conclusion, our data show that: (I) The average ratio of
erythrocyte to plasma urea concentration in our normal control
subjects is 0.76, which agrees with previous studies [15], and
that in our uremic patients is 0.77. These values are very similar
to the ratio of fractional volume of water between these two
compartments reported in the literature (0.77). This is consist-
ent with the hypothesis that urea distributes evenly between
erythrocyte water and plasma water in both normal and uremic
subjects. (2) Urea within erythrocytes of uremic blood in the
extracorporeal circuit moves rapidly to discharge the concen-
tration gradient established by dilution during predilution hemo-
filtration. (3) Lastly, the presently reported behavior of urea is
at odds with previous studies showing disequilibrium between
erythrocytes and plasma sampled from the venous line during
hemodialysis from chronic uremic patients [1, 2]. Reconcilia-
tion of our data with these previous observations is difficult.
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